Abstract. The reduced injection frequency and more nearly constant serum concentrations afforded by sustained release devices have been exploited for the chronic delivery of several therapeutic peptides via poly(lactide-co-glycolide) (PLG) microspheres. The clinical success of these formulations has motivated the exploration of similar depot systems for chronic protein delivery; however, this application has not been fully realized in practice. Problems with the delivery of unmodified proteins in PLG depot systems include high initial "burst" release and irreversible adsorption of protein to the biodegradable polymer. Further, protein activity may be lost due to the damaging effects of protein-interface and protein-surface interactions that occur during both microsphere formation and release. Several techniques are discussed in this review that may improve the performance of PLG depot delivery systems for proteins. One promising approach is the covalent attachment of poly(ethylene glycol) (PEG) to the protein prior to encapsulation in the PLG microspheres. The combination of the extended circulation time of PEGylated proteins and the shielding and potential stabilizing effects of the attached PEG may lead to improved release kinetics from PLG microsphere system and more complete release of the active conjugate.
INTRODUCTION
With increased understanding of diseases at a molecular level, proteins have become prime candidates as therapeutic drugs due to their high activity and specificity. Additionally, recombinant DNA technology enables almost any protein to be mass-produced, in principle.
However, proteins are limited in their current application as biopharmaceuticals as routes of delivery are limited and they can be difficult to maintain in an active state due to their frequent high sensitivity to their environment. Protein drugs are typically given by injection or intravenous infusion, since simple oral administration is ineffective due to degradation in the digestive tract (1) . Effective regimens for the injectionand infusion-based delivery of protein drugs are bracketed by the clearance and immune responses of the body. Proteins, particularly those smaller than 50 kDa, are quickly removed from circulation by renal excretion, necessitating either frequent dosing or larger individual doses. The cutoff in molecular weight is related to the size of the pores of the glomerulus, which are about 7.5 nm in diameter (2) . Large systemic doses can induce an immune response (1) . Thus, a regimen of frequent injections is typically used to maintain therapeutic levels. This is not only inconvenient for the patient but also expensive and, most importantly, increases the possibility of patient noncompliance.
The main aim of a systemic drug delivery system for chronic treatment is to maintain therapeutic blood or tissue levels of the drug for an extended period of time, also known as zero-order release (see Fig. 1 for an example of this release profile). However, many drug delivery modes, including conventional oral tablets and injections, do not attain this type of release. Instead, the drug is released immediately, giving a fast first-order kinetic systemic concentration profile. Sustained-release systems attempt to approach zero-order release kinetics for at least some period of time before the loaded drug is completely released. The advantages of sustained-release delivery devices are that they can be taken less frequently than instant-release formulations of the same drug and that they maintain more nearly constant concentrations of the drug in the bloodstream. A common class of sustained-release devices that can be used with proteins are depot systems wherein the therapeutic drug is dispersed throughout a gel-like carrier matrix and the loaded gel is injected subcutaneously or intramuscularly. The gel breaks down, by chemical and/or physical processes, releasing the drug into the surrounding tissue and its vasculature at a nearly constant rate.
Representative simulated serum concentration profiles of human growth hormone (hGH), a protein drug intended for chronic therapy, administered via injection and via a depot delivery system based on the biodegradable polymer poly (lactide-co-glycolide) (PLG) are shown in Fig. 1 . Also shown in Fig. 1 is an idealized zero-order release profile, assuming an arbitrary therapeutic window. These profiles were generated using a basic one-compartment pharmacokinetic model with dosages and order-of-magnitude release and clearance kinetic parameters estimated from clinical data reported by Genentech for a subcutaneous hGH (Nutropin AQ®) injection and a subcutaneous PLG depot system containing hGH (Nutropin Depot®; 3,4). It is expected and obvious that a depot-based delivery system can deliver much more protein over much longer time scales than does subcutaneous injection. As seen in the figure, the profile for injected hGH follows fast first-order kinetics. The simulated profile of the hGH in the depot system approaches the idealized sustainedrelease system in that it shows a zero-order delivery profile until the dose runs out. The mean terminal half-life after subcutaneous injection of hGH in a healthy adult is on the order of hours (3) . hGH administered through a PLG depot system has a potential duration of delivery on the order of weeks. For example, Nutropin Depot® had mean duration of delivery of 2.5 weeks in Rhesus monkeys (4).
Benefits and Drawbacks of Protein Delivery from PLG Depots
The reduced injection frequency and more nearly constant serum concentrations afforded by sustained release devices have been exploited for the chronic delivery of several therapeutic peptides via PLG and related depots. Table I summarizes the current US Food and Drug Administration (FDA)-approved PLG-based small peptide formulations. The clinical success of these formulations has motivated the exploration of similar depot systems for chronic protein delivery.
The use of polylactide, polyglycolide, and their copolymers poly(lactide-co-glycolide) to form microspheres as sustained-release protein delivery systems has been studied extensively (7) (8) (9) and comprise perhaps the most compelling biodegradable polymers for depot systems due to their inclusion in the FDA's Generally Recognized as Safe (GRAS) list for use in medical devices and drug formulations (10). Lactic acid and glycolic acid have homologous molecular Fig. 1 . Simulated serum hGH level versus time profiles showing differences between subcutaneous injections of hGH (plus signs), PEG-modified hGH (crosses), and hGH encapsulated in a PLG depot device (dots). A possible profile for PEG-hGH encapsulated in a PLG depot device (stars) is also presented for illustrative purposes. The profile for an ideal zero-order release is also shown for comparison (solid line). Profiles were generated using a single compartmental kinetic model, with the following kinetic expression:
, where [hGH], (hGH) dose , v, and k c represent the serum hGH concentration at time t, the hGH dose mass at time t, the serum volume, and the clearance rate, respectively. Assumptions made were that the body (serum) is a single compartment, a subcutaneous dose form supplies drug to the serum compartment by either a first-or zero-order process beginning at time zero, and the serum volume is 5 l; the serum concentration is assumed to be negligible at time t=0. The model for ideal first-order release was −d(hGH) dose /dt=k r (hGH) dose ; that for zero-order release had the expression −d(hGH) dose /dt=k r . The serum half-lives specified were 2.5 h and 6 days for hGH and PEG-hGH species, respectively (3, 5) ; the relationship between serum half-life and the clearance rate constant is t 1/2 =ln2/k c . The release rate constants used were 1 h −1 , 1 h −1 , 0.0832 μg/h, and 0.0016 μg/h for hGH, PEG-hGH, hGH depot, and PEG-hGH depot, respectively. The rates of release were selected in order to achieve therapeutic serum concentrations of ∼0.1 μg/ml, which are scaled from clinical data (3) (4) (5) . Dose mass loads used were 0.6, 0.3, 30, and 30 μg for hGH, PEG-hGH, hGH in depot, and PEGhGH in depot, respectively structures, as shown in Fig. 2 , with lactic acid bearing an additional methylene group at the beta carbon position that makes it somewhat more hydrophobic than glycolic acid. The copolymer degrades by bulk erosion through hydrolysis of the ester bonds. It has been shown that the time required for degradation of PLG is related to the lactic acid/glycolic acid ratio used in the production of microspheres: the higher the content of lactide units and therefore the more hydrophobic the polymer, the slower the rate of degradation due to decreased water imbibition (11) . Thus, the degradation rate can be tailored according to the desired release pattern of the incorporated protein by controlling the monomer ratio during synthesis. The size of the biodegradable polymer microspheres is also a primary determinant of polymer degradation and drug release rates. As particle size increases, surface area/volume ratio decreases, which decreases both water penetration and release of degradation products. Because the mechanism of drug release is typically diffusion through the polymer phase of aqueous-filled pores in the polymer matrix, the decrease in surface area/volume ratio with increasing particle diameter translates into a decrease in drug release rate (12) . Finally, PLG average molecular weight is found to impact release rates with increasing molecular weights slowing the erosion process (13) . Typical molecular weights for the drug formulations listed in Table I range from 25 to 100 kDa (14) . Release of the protein from the microsphere is controlled by two mechanisms: diffusion of the protein out of the microsphere and erosion of the polymer matrix. Typically, the diffusion process consists of an initial "burst" release of protein at or near the surface of the microsphere, followed by the additional release of protein by diffusion from the pores of the microsphere. Erosion occurs by hydrolysis of the polymer backbone, generating pores that expose interior pockets of protein to the bathing liquid. For continuous release, the diffusion and erosion processes must balance each other to allow the protein to diffuse out of the microspheres at a constant rate (14) . Figure 3 shows in vitro release profiles of interferon-α 2a (IFN) and poly(ethylene glycol)-modified IFN (IFNmPEG 2000 and IFN-mPEG 5000 ) as well as in vitro release profiles of ribonuclease A (RNase A) and poly(ethylene glycol)-modified RNase A (mono-PEG-RNase A and di-PEG-RNase A) from PLG microspheres (15, 16) . The details of these experiments are described later in the review; however, the figure serves to illustrate typical release profiles from PLG microspheres. As seen, IFN microspheres exhibit an initial "burst" release within the first hour of study, followed by negligible additional release. PEGylated IFN microspheres also exhibit an initial burst release, followed by a more desirable continuous release profile for the same period of observation (15) . Similarly, the release profiles for unmodified RNase A, mono-PEG-RNase A, and di-PEGRNase A all exhibited an initial burst of approximately 15% release from the PLG microspheres, followed by additional release over 3 months (16) . Proteins can be entrapped in the PLG microsphere depot by a number of methods, including formation of a water-in-oil emulsion with water-borne protein and organic solvent-borne polymer (emulsion method), formation of a solid-in-oil suspension with solid protein dispersed in a solvent-based polymer solution (suspension method), or by dissolving the protein in a solvent-based polymer solution (dissolution Fig. 2 . Chemical structure of poly(lactide-co-glycolide). Indices x and y refer to the relative amounts of lactide and glycolide units, respectively, in a specific PLG copolymer. These indices are incorporated in PLG nomenclature; e.g. an x=85% lactide, y=15% glycolide is indicated as 85:15 PLG. x and y can be manipulated to alter the degradation rate of the PLG. An increase in x results in a slower degradation rate (16) method). The details of these methods are discussed further below. After introduction of the protein in the PLG solution, further processing is required to form microparticles. In many cases, a new emulsion is created for this purpose by adding a nonsolvent for the PLG, usually water, together with an emulsifier such as poly(vinyl alcohol) or silicone oil. While the mixture is stirred, the microparticles are formed as the PLG phase separates. During and after this emulsification step, the organic solvent in which the PLG was originally dissolved is either extracted or allowed to evaporate. This causes the PLG to phase separate as spherical particles entrapping the protein (17) .
An alternative method to produce protein-loaded microparticles is spray drying (18, 19) . The protein/PLG dispersion is sprayed through a heated nozzle, and the organic solvent is rapidly evaporated by a hot gas flow. While the high temperatures required for spray drying may adversely affect protein integrity, the duration of exposure to these elevated temperatures is often very short (18, 19) . A variation of the conventional spray-drying method is a cryogenic method in which a protein/PLG dispersion is ultrasonically sprayed into liquid nitrogen over solid ethanol. During evaporation of the liquid nitrogen, the ethanol melts, resulting in extraction of the organic solvent from the microparticles formed by the spraying process (18) .
Protein delivery from PLG microspheres has not been fully realized in practice. Only one protein-releasing injectable sustained release system has reached the market thus far: Genentech's Nutropin® Depot for delivery of recombinant human growth hormone, marketed in 1998 in the USA (4). Slow degradation of the PLG matrix resulted in a slow release of the protein, sustaining therapeutic concentrations for weeks. However, in 2004, the product was withdrawn from the market by Genentech due to production cost issues; these costs were presumed to be associated with the cryogenic spray-drying microsphere production process (17) used to mitigate activity losses during depot formulation (20) .
There are several other reports of PLG microsphere release studies with proteins and peptides in the literature as summarized in Table II (15, 16, (21) (22) (23) (24) (25) (26) (27) . As noted, each example exhibited an initial burst release, followed by relatively little subsequent release. Several of these studies also note significant activity losses in the released protein. For example, Pérez et al. measured a decrease in lysozyme activity from 95% to 43% after 24 h of in vitro release from 50:50 PLG microspheres (24) . Daly et al. also noted that the mean intrinsic activity of ribonuclease A was diminished by ∼60% upon release from 50:50 PLG microspheres after 60 days (16) . This points out a critical drawback of PLG microsphere delivery systems for proteins: Activity losses during formulation and/or release can be significant. The fact that a far greater number of small molecule drugs have been incorporated into approved PLG microsphere delivery systems than protein drugs is a direct reflection of the difficulty in maintaining bioactivity when proteins are encapsulated, subsequently stored, and ultimately released from the device.
Protein conformation-and hence biological activity-is very sensitive to local environment, particularly to the damaging effects of protein interactions with interfaces. Interfacial adsorption has been found to limit the performance of sustained protein release from biodegradable depots (28) . Adsorption processes at liquid/liquid interfaces during protein encapsulation and solid/liquid interfaces during release are both relevant. Protein adsorption to interfaces decreases the amount of protein released and may also cause conformational changes and/or aggregation. In addition, proteins are exposed to a variety of detrimental stresses during microsphere generation including heat, shear, and organic solvent exposure. Denatured or aggregated protein species are therapeutically inactive and may also cause unpredictable side effects, such as immunogenicity or toxicity (29) .
Improved Efficacy of PEG-Modified Protein Therapeutics
Covalent attachment of poly(ethylene glycol) to proteins (PEGylation), a technology proven to increase the in vivo half-life of circulating therapeutic proteins and decrease immune response (30, 31) , can potentially address some of the problems associated with the delivery of proteins via PLG depot systems. For example, Somavert®, a PEGylated form of hGH (PEG-rhGH) designed for subcutaneous injection that is marketed by Pfizer, is eliminated from serum with a mean half-life of approximately 6 days following either single or multiple doses (5) as opposed to the half-life of hours observed for unmodified rhGH (3) .
The protective effects of PEGylation have been attributed to steric and hydration repulsions between PEGylated (27) proteins and other molecules (32) . In aqueous solutions, the PEG chains are highly hydrated. This allows the PEG to sweep out an exclusion volume, thereby acting as a steric barrier to other molecules. In this manner, the immune response is reduced by blocking antibodies' access to epitopes on the protein molecule. Similarly, PEG decreases proteolytic degradation by repelling proteases and decreases the firstpass clearance in the glomerulus by adding to the overall size of the protein (2, 32) . Depending on the number, molecular weight, and location of the attached PEG chains, these protective effects can accrue without loss of protein biological activity. PEGylation may also confer additional thermodynamic stability to proteins, making some conjugates more resistant to unfolding than their unmodified counterparts (33) . One particularly enticing application of PEGylated proteins is in anticancer therapies. It has been shown that PEGylated proteins accumulate more extensively in tumors than the unmodified proteins. This enhanced permeation and retention effect has been attributed to the increased circulation time of the proteins that allows more passages through the leaky tumor vasculature (32, 34, 35) . Examples of PEGylated proteins that have been approved for therapeutic use by the FDA include PEGasys® (Roche; interferon α-2a), PEGIntron® (Schering-Plough; interferon α-2b), Neulasta® (Amgen; granulocyte colony-stimulating factor), Adagen (Enzon; adenosine deaminase), Oncaspar® (Enzon; L-asparaginase), and Somavert® (Pfizer; growth hormone; 36).
Could protein PEGylation be the route to successful delivery of proteins via PLG delivery systems? Although water is a good solvent for PEG, this polymer is somewhat amphiphilic and tends to adsorb on hydrophobic surfaces as well as acidic surfaces. The interfacial activity of PEG leads to the hypothesis that PEGylation may enhance the release of active proteins from PLG microsphere delivery systems. It is anticipated that the PEG portion of PEGylated conjugates may preferentially populate the liquid-liquid and solid-liquid interfaces present during microsphere generation and erosion, protecting the protein portion from denaturing adsorption phenomena. Further, any thermodynamic stabilization realized by conjugates should improve activity by increasing resistance to denaturing stresses experienced during formulation. Lastly, steric repulsions between PEG chains may also make PEGylated proteins less vulnerable to adsorptioninduced aggregation.
The potential impact of PEGylation on the delivery of a protein such as hGH from PLG microspheres is illustrated in Fig. 1 using the release kinetics of the depot together with the increased circulating half-life of the conjugate. Note that the purpose of the incorporation of the PEGylated protein conjugate is not to extend the delivery time of the depot system; the time scales of the depot release and clearance reduction are too different for the impact on the delivery kinetics to be significant. Rather, the potential benefit is anticipated as a greater release of active conjugate from the PLG depot at similar protein and conjugate loadings. The simple pharmacokinetic model in Fig. 1 suggests that the extended circulation time of the conjugates would also require much slower depot release rates and lower loadings than that for the unmodified protein to maintain the serum concentration in the therapeutic window. In this review, we summarize the problems associated with PLG microsphere delivery systems for proteins, the potential for the synergistic use of protein PEGylation technology with PLG microsphere delivery, and the molecular basis for this expected synergy.
PROTEIN INSTABILITY DURING PLG DEPOT LOADING
The most straightforward and therefore most popular method of forming microspheres is the water-in-oil-in-water (W/O/W) double emulsion solvent evaporation technique (34) . In this method, an aqueous protein solution is dispersed in a PLG-organic solvent solution. This primary emulsion (W 1 /O) is then reemulsified in a large volume of an aqueous polymer solution, typically poly(vinyl alcohol), to generate a stable (W 1 /O) W 2 double emulsion. Precipitation of the PLG by an extraction/evaporation process entraps and immobilizes the aqueous protein-containing droplets within a PLG matrix (37) . The major disadvantage of this method is the presence of aqueous/organic solvent interfaces. The type of organic solvent used may also play a critical role. Compared to the more hydrophobic methylene chloride, ethyl acetate usually results in less emulsification-induced denaturation of proteins (38) (39) (40) . However, poor encapsulation efficiencies for recombinant human growth hormone were also observed when preparing microspheres using a mixture of methylene chloride and ethyl acetate in varying volume ratios (41) . In this study, the authors stated that the addition of ethyl acetate, a water-miscible solvent, to a water-immiscible methylene chloride phase (O) might result in a slightly less porous internal structure due to a preferential escape tendency of ethyl acetate over methylene chloride into the aqueous outer phase (W 2 ) from embryonic microspheres during the solvent evaporation process (42) .
The suspension method involves fine dispersion of a solid protein in an organic solvent to form a solid-in-oil (S/O) primary suspension (18, 38) . This suspension is emulsified in an aqueous solution containing an emulsifier (S/O/W). Microspheres are then hardened by dissolving or evaporating the organic solvent, after which they are finally washed and lyophilized. A drawback of this method is that prior to encapsulation, the protein must be freeze-dried, usually in the presence of a lyoprotectant, which may induce some protein damage (43) .
Unlike the suspension method, the dissolution method, also known as the single emulsion method, involves the direct addition of protein and polymer together to the organic solvent, which is then emulsified into an aqueous phase to form an oil-in-water (O/W) emulsion. One major disadvantage of the O/W method is poor encapsulation efficiencies of water-soluble drugs, such as proteins and peptides (44, 45) . Proteins readily diffuse out or partition from the dispersed oil phase into the aqueous continuous phase. Then, microcrystalline fragments of the hydrophilic drug get deposited on the outer surface of the microspheres and dispersed in the PLG matrix. A major concern of this method is the potential for intimate protein-PLG contact.
Although several methods exist for microencapsulation, all have been shown to be detrimental to protein stability in some way (30, 37, (46) (47) (48) . Depending on the method used to form the emulsions, proteins are exposed to cavitation, heat, shear, and/or organic solvent during the microencapsulation process. Sonication, the most popular method for creating the primary emulsion, produces all of the above conditions with the additional generation of free radicals (49, 50) . Zambaux et al. showed that a reduction in sonication time during PLG nanoparticle preparation lowered the activity loss of encapsulated protein C (51). Morlock et al. showed that the use of sonicators and vortex mixers in the first emulsion step increased aggregation of recombinant human erythropoietin compared to the use of homogenizers (52) . However, for several proteins, it was demonstrated that the effects of cavitation, shear, and continual creation of a new air/water interface were not the primary causes of protein instability. Instead, exposure of the protein to the organic solvent was identified as a major cause of instability, aggregation, and denaturation (40, 48, 53, 54) .
For this review, we focus on the W/O/W emulsion technique. This technique is viewed as perhaps the least cost-intensive means for formulating PLG depot systems and thus, if associated activity losses can be mitigated, the route with the most commercial potential. One approach to minimize average protein exposure to the O/W interface was to increase protein concentration during emulsification while maintaining similar interfacial area. The idea here was to sacrifice some hopefully small fraction of the protein to the interface. While a self-protecting effect was observed for lysozyme, it was difficult to prevent aggregation at such high concentrations. An observed loss in specific enzyme activity of soluble lysozyme was caused by the irreversible formation of an unfolded lysozyme species, which was found to be monomeric, and was able to leave the water/methylene chloride interface and accumulate in the aqueous phase (55) .
Another approach is to use an amphipathic excipient to compete with the therapeutic protein for the interface. Experiments with bovine serum albumin (BSA), S-carboxymethylated BSA, and reduced S-carboxymethylated BSA demonstrated that a free thiol group and/or disulfide bond participated in the methylene chloride/water interface-associated dimerization and polymerization of proteins. Interfacial reactions that led to the aggregation of ovalbumin and lysozyme were inhibited by adding hydroxypropyl-β-cyclodextrin or BSA into their aqueous solution (48) . One potential disadvantage of using a protein for this purpose is that the additional protein itself could aggregate under these conditions, possibly making the approach unattractive in medical applications. Furthermore, the use of two medical grade recombinant proteins in a given formulation could add significantly to production costs.
Finally, another approach is the ion pairing of proteins with oppositely charged polyelectrolytes to form ionic complexes capable of protecting the protein from degrading conditions. Encapsulation of complexes of cationic lysozyme with variable amounts of anionic polyelectrolyte chondroitin sulfate (CsA) by a W/O/W method resulted in microspheres with enhanced encapsulation efficiency compared to native lysozyme, with simultaneous reduction in the amount of insoluble lysozyme aggregates (56) . The authors concluded that the numerous carboxylate termini of CsA may mediate a hyperstructural shielding (complexation) of the labile protein, thereby reducing the tendency of lysozyme to interact with the water/organic solvent interface and preventing protein degradation. These results showed that chondroitin sulfate is a viable candidate for protein drug delivery; however, its use with other proteins should be investigated. Food manufacturers recently applied to the FDA to list chondroitin sulfate as GRAS for use in food and beverages (10). In the meantime, work must be done to determine the proper usage levels for formulating with chondroitin sulfate for the drug delivery purposes.
PROTEIN INSTABILITY DURING PLG DEPOT RELEASE
Release from the PLG microspheres is characterized by several steps (46, 47, 57) which include an initial "burst" wherein protein adsorbed on or encapsulated near the surface of the microsphere is released. Contrary to the ideal zeroorder depot delivery profiles depicted in Fig. 1 , an initial burst release of hGH is seen in practice for the Nutropin® Depot system during the first few days after injection where serum GH levels increase rapidly before maintaining more constant levels. As the PLG undergoes bulk degradation by hydrolysis of the ester bonds, protein is released at a slower, more uniform rate. Finally, the entire microsphere erodes. The nonlinear release kinetics are a limitation of PLG microspheres that remains to be addressed. This initial large release of protein is undesirable. Following the initial burst, release rates are nearly constant for an extended period of time, which is highly desirable. Often, one observes an asymptotic approach to a limiting extent of release that is less than 100%, i.e., a final "nonrelease period". Protein adsorption to the PLG/aqueous interface during release has been demonstrated to be a critical factor contributing to both incomplete protein release and loss of bioactivity (28, 46, 47) .
Park and coworkers (29, 58, 59 ) investigated the mechanism of incomplete release by extracting nonreleased protein with three media that disrupt different types of interactions. By separately adding 0.5 M sodium chloride (NaCl), 5 M guanidine hydrochloride (GdnHCl), and 5 mM sodium dodecyl sulfate (SDS) into the release medium during the nonrelease period, it was possible to selectively identify a specific protein nonrelease mechanism: ionic interaction, noncovalent aggregation, and/or surface adsorption, respectively. An increase in ionic strength in the medium reduces the extent of ionic interaction by shielding the charged ionic groups. A faster rate of release in the presence of a higher NaCl concentration would indicate that ionic interaction played a pivotal role. The denaturant GdnHCl will dissolve noncovalent aggregates and disrupt electrostatic and hydrogen bonding interactions with carboxylate/carboxyl PLG end groups. SDS will release both noncovalent aggregates and proteins adsorbed to PLG by hydrophobic interactions. The difference in protein amount extracted by SDS and GdnHCl is a measure of the relative contribution of end-group interactions and hydrophobic adsorption to PLG to the incomplete release. Using this approach, Park et al. (58) showed that the initial release of lysozyme from uncapped 50:50 PLG microspheres was mainly controlled by electrostatic interactions between lysozyme and free carboxylate end groups of PLG chains, whereas noncovalent aggregation and hydrophobic PLG-protein contacts were responsible for the incomplete release later on (58) . Similar studies with rhGH and BSA showed that noncovalent aggregation was the main cause of incomplete release after the burst. At a later stage, nonspecific adsorption also contributed to the incomplete release (41,59).
Butler et al. measured the extent and kinetics of BSA adsorption to films of PLG with different end groups, including a hydrophilic carboxylate end group and a hydrophobic ester end group (60) . BSA adsorbed readily to both native PLG films and the amount adsorbed was insensitive to the type of end group. Aging of the films in water prior to exposure to BSA decreased the hydrophobicity of the films as the ester linkages were hydrolyzed and in turn correlated with a significant decrease in the initial BSA adsorption rate. This behavior is consistent with the expected trend that decreased surface hydrophobicity favors decreased protein adsorption (61) .
IMPROVING DELIVERY FROM PLG DEPOTS VIA PROTEIN PEGYLATION
The combination of PEGylation and microsphere encapsulation of proteins has been shown to have positive effects on both protein stability and release. As mentioned previously, the potential benefit is a greater release of active conjugate from the PLG depot at similar protein and conjugate loadings. Several groups have investigated these effects in more detail and their findings are summarized below.
Diwan and Park prepared PEGylated lysozyme for 50:50 PLG encapsulation by the W/O/W double emulsion method using a mixture of mono-, di-, and tri-PEGylated species as well as unmodified protein (23) ; in this study, a succinimidyl succinate derivative of methoxy polyethylene glycol (M w 5,000 Da) was used in the PEGylation reaction. After 1 h of incubation, microspheres released 40±10.1% of the encapsulated lysozyme while only 6.4±0.7% was released from those carrying PEGylated lysozyme. After 83 days of incubation, about 30% of lysozyme still remained unreleased. In contrast, the release of PEGylated lysozyme continued from microspheres and more than 90% release was measured in the same period of time (23). Diwan and Park provided an explanation for the possible role played by PEG as a built-in protein stabilizer. The authors stated that when the protein solution is emulsified with an organic phase, a large interfacial area between aqueous and organic phases is generated. The protein adsorbed onto the interface undergoes unfolding and subsequently aggregates. For PEGylated lysozyme, the authors suggested that the PEG chain prevents the adsorption of protein on the interface, thereby reducing the loss of soluble protein fraction (23); however, this hypothesis was not directly tested.
Diwan and Park also investigated in vitro release profiles of interferon-α 2a and PEGylated IFN using the W/O/W method; in this study, succinimidyl succinate and succinimidyl propionate derivatives of methoxy polyethylene glycol (M w 5,000 and 2,000 Da, respectively) were used in the PEGylation reaction (15) . The IFN microspheres showed an initial burst release followed by nearly no release. In contrast, PEGylated IFN showed continuous release for the same period of observation. IFN-mPEG 2000 and IFN-mPEG 5000 exhibited net IFN release of 72.5±2.1% and 56.8±2.5%, respectively, in a 3-week incubation period, compared to 16.3± 0.4% for unmodified IFN. Release profiles of IFN microspheres appeared to level off after 3 weeks while PEGylated IFN microspheres continued to release (Fig 3a) . The authors speculated that the difference in the relative release amounts of protein between the two types of encapsulated PEGylated IFN may be due to the different PEG chain lengths. The increased hydrodynamic size associated with the longer PEG chain would offer more resistance to PEGylated IFN diffusion out of the micropores of microspheres than the shorter one. Additionally, a larger burst release was observed for IFN-mPEG 5000 compared to that of lysozyme-mPEG 5000 (15) . The authors attributed the discrepancy between the different behaviors of PEGylated IFN and lysozyme to be caused by the physicochemically different characters of the two PEGylated proteins, although the underlying reasons were still obscure (15) . The authors noted that freeze-dried PEGylated IFN, when dissolved in a small amount of water for microencapsulation, was not readily dissolved but became finely dispersed particles. This may have resulted in an uneven distribution of PEGylated IFN in the polymer matrix (15) . The differences in behavior may also be attributed to the inherent properties of the proteins. Compared to lysozyme, interferon-α 2a has a higher molecular weight and a lower isoelectric point. IFN also bears a higher Bigelow hydrophobicity than lysozyme, which may be a critical parameter when the protein is exposed to a somewhat hydrophobic surface such as PLG (62) .
Castellanos et al. (21) prepared PEGylated-α-chymotrypsin for encapsulation in 50:50 PLG microspheres (M w = 60 kDa) by the S/O/W emulsification method; in this study, methoxy-PEG-succinimidyl propionate (M w =5,000 Da) was used in the PEGylation reaction. The authors showed that even the lowest level of modification drastically reduced the amount of insoluble aggregates from 18% for the unmodified α-chymotrypsin to 4% (21) . In vitro release profiles of unmodified and PEGylated-α-chymotrypsin were investigated and all formulations showed an initial burst within the first few days of incubation. For unmodified α-chymotrypsin microspheres, approximately 70% of the protein was released by burst and only 80% of the encapsulated protein was ultimately released over 30 days. For PEG-α-chymotrypsin microspheres, a lower initial release was observed with near complete release over 2 months. The authors concluded that the encapsulation process was the main cause for the formation of protein aggregates under the conditions used (21).
Hinds and coworkers (63) developed a novel controlled release formulation with PEGylated human insulin encapsulated in 50:50 PLG microspheres that produced multiday release in vivo. In this study, PEGylated insulin conjugates were prepared having a single methoxy-PEG-succinimidyl propionate (5,000 Da) polymer chain selectively attached to the amino terminus of insulin's B chain (PheB1) via a hydrolytically stable amide bond; the desired PEGylated conjugate was separated from other reaction species by ionexchange chromatography. After an initial release of <0.5% in the first day and a subsequent lag period, the microparticles released their contents almost completely (93%) in a nearly continuous fashion over the next 16 days (63). The authors postulated that a phase mixed monolithic polymerdrug internal structure made possible by the solubility properties of the PEGylated protein promoted these results. The combination of PEGylation and microencapsulation offered potential for sustained delivery of basal insulin with a single weekly dose (63) .
Our group noted a similar increase in the extent of PEGylated RNase A release from 85:15 PLG microspheres compared to that for the unmodified protein (16) . RNase A and 20 kDa nominal molecular mass mPEG-propionaldehyde (1:6 mole ratio) were reacted under conditions that favor Nterminal modification of the protein (64) . The conjugate species were purified via size exclusion chromatography (SEC). The release profiles for unmodified RNase A, mono-PEG-RNase A, and di-PEG-RNase A all exhibited an initial burst of approximately 15% release from the PLG microspheres. After the burst, the release of unmodified RNase A from the PLG microspheres was incomplete over the 3-month duration of the study, with only approximately 50% of the total encapsulated protein released into solution (Fig. 3b) . Two possible explanations for the incomplete release were protein adsorption onto the PLG matrix and the formation of water-insoluble aggregates during the encapsulation process, although these issues were not directly addressed in the study. Upon PEGylation, approximately 65% of mono-PEG-RNase A and 95% di-PEG-RNase A were released from the PLG microspheres over 3 months. Furthermore, activity assays showed that the released protein remained active, with significantly higher mean intrinsic activity values for PEGylated RNase A compared to the unmodified form (16) . While the mean intrinsic activity (k cat /K M ) of unmodified RNase A after release had decreased by a factor of 3 relative to a freshly prepared protein solution, mono-PEG RNAse A and di-PEG-RNase A suffered decreases of a factor of 2 and 1.3, respectively (16) .
UNDERSTANDING PEG-PROTEIN CONJUGATE ADSORPTION AT THE MOLECULAR LEVEL
The therapeutic impact of PEGylation depends upon the location and extent of the PEG modification, PEG molecular weight, and the structure of the conjugates. The beneficial effect of PEGylation has been described as originating from a shell of PEG chains surrounding the protein (32) . However, previous work in this group to measure conjugate dimensions suggests that the grafted PEG chains exist as relatively unperturbed random-coil domains adjacent to the protein molecule rather than as a protein shroud, for both RNase A and lysozyme (16, 65) . The morphology of the PEG-protein conjugates must be further explored to determine if the conjugates take on a dumbbell shape as our data suggests (16, 65) . This knowledge would aid in the interpretation of adsorption behavior and associated possible reorientation effects to form a firm molecular basis for any conferred protective effect as described below.
PEGylation Has a Pronounced Effect on Lysozyme Adsorption Mechanisms
Previous work in this group has contrasted adsorption mechanisms for PEGylated proteins and their unmodified protein counterparts. This group has studied the conformation, orientation, and clustering of a layer of lysozyme adsorbed to a silica surface. While not intended as a model for PLG, it should be noted that silica and PLG are both negatively charged surfaces. A multistage reorientation was observed in the adsorption process, whereby lateral repulsions between adjacent proteins triggered an abrupt reorientation at a critical surface coverage, followed by a more gradual reorientation of proteins as the adsorbed layer approached saturation. The occurrence of a molecular reorientation at a critical threshold coverage was consistent with the shape of the adsorption isotherm (66) .
Lysozyme and 20 kDa nominal molecular mass mPEGpropionaldehyde (1:6 mole ratio) were reacted under conditions that favor N-terminal modification of the protein and the conjugates were purified via SEC (64) . It was shown that as the extent of PEGylation of lysozyme was increased, the surface concentration of proteins adsorbed to silica decreased over a wide range of solution concentrations. The adsorption isotherm of mono-PEG-lysozyme retained the same multistage isotherm shape as that of unmodified lysozyme, also suggesting a reorientation (65) . Using atomic force microscopy, it was determined that the PEGylated lysozyme initially adsorbed in a disordered manner with both PEG chains and lysozyme molecules in contact with the surface. As the surface coverage increased, lateral repulsions triggered a reorientation such that the PEG chains were lifted off the surface and presented to the solution as a mushroom-like layer, to use the parlance of the polymer grafting literature. Whereas unmodified lysozyme adsorbed to silica with the N terminus in contact with the surface, the N terminus of PEGlysozyme was occupied by the grafted PEG chains. As a result, PEGylated lysozyme could not adsorb in the orientation that maximizes the strength of lysozyme adsorption. Accordingly, the reversibility of PEG-lysozyme adsorption was greater than that of the unmodified lysozyme (65) .
In addition, the effect of PEGylation on two-dimensional clustering of lysozyme via intermolecular beta sheet formation at the silica/water interface was investigated using a thioflavin T dye-binding assay. It was hypothesized that the steric barrier introduced by PEG grafting would decrease surface-induced protein clustering. While one PEG modification did not decrease the extent of surface-induced aggregation, a second PEG modification significantly reduced this aggregation, likely due to steric effects (67) . If this protection against adsorption-induced aggregation is realized on PLG surfaces as well, it suggests an important mechanism by which PEGylation would preserve the activity of released proteins.
Altered RNase A Adsorption to PLG Surfaces upon PEGylation
The effect of PEGylation on RNase A adsorption to an 85:15 PLG film was also investigated (16) . RNase A and 20 kDa nominal molecular mass mPEG-propionaldehyde (1:6 mole ratio) were reacted under conditions expected to favor N-terminal modification of the protein (64) . It was shown that adsorption kinetics of PEG and PEG-RNase A conjugates achieve the transport-limited rate (rapid), while RNase adsorption is surface-limited (relatively slow), indicating that PEG anchors the conjugates to the surface during the transport-limited regime. PLG aging and the associated increase in the negative zeta potential as hydrolysis progresses resulted in an increased rate and extent of RNase A adsorption but a decreased rate and extent of PEG and PEGRNase A adsorption. These results correlated well with an increase in the rate, total extent, and preservation of bioactivity of PEGylated RNase A released from PLG microspheres compared to unmodified RNase A (16) .
The lysozyme-silica system and the RNase A adsorption data on PLG motivated our current work on the lysozyme-PLG system to determine whether a similar multistage reorientation can be seen in the adsorption isotherms of lysozyme and PEGylated lysozyme on PLG and whether the adsorption process follows transport-limited or surface-limited kinetics. Initial data (Fig. 4) demonstrate that lysozyme adsorption on PLG is also reduced upon PEGylation.
CONCLUSIONS
Problems with the delivery of unmodified proteins in PLG depot systems include adsorption of protein to the biodegradable polymer, limiting the extent of release and high 'burst' release, which is wasteful and may be dangerous for narrow therapeutic window molecules. Several techniques have been discussed that may improve the performance of PLG depot delivery systems for proteins, particularly depot systems generated by the inexpensive W/O/W approach. The use of an amphipathic excipient or ion pairing with polyelectrolytes are two methods of protection for the protein; however, both methods have associated disadvantages. We have focused on the possibility that covalent attachment of poly(ethylene glycol) to the protein, PEGylation, can lead to a better product with better in vivo performance. As illustrated in Fig. 1 , the extended circulation time of PEGylated protein and the release kinetics of PLG microsphere systems may lead to a greater release of active conjugate from the PLG depot at similar loadings compared to the unmodified protein. In addition, the PEG portion of PEGylated conjugates may protect the protein portion from denaturing adsorption phenomena.
Further work is still needed in order to fully understand the benefits of PEGylation. Most of the studies published on encapsulated PEGylated bioactive molecules used semirandom group-specific PEGylation schemes. Site-specific PEGylation may be the next approach to find the modified species with the highest activity that still produces the desired change in pharmacokinetics. There is also a need to understand the effects of PEGylation on the protein adsorption process and the evolution of the adsorbed layer structure and the dynamics of PEG-protein conjugates at the solid/water interface. Such knowledge can aid in the design of therapeutic protein drug delivery devices. Further protein adsorption studies are necessary in order to establish a basis for the prediction, generalization, and control of protein behavior on depot surfaces.
